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We experimentally investigate the structural, magnetic and electrical transport properties of La0.67Sr0.33MnO3 based
magnetic tunnel junctions with a SrSnO3 barrier. Our results show that despite the large number of defects in the
strontium stannate barrier, due to the large lattice mismatch, the observed tunnel magnetoresistance is comparable to
tunnel junctions with a better lattice matched STiO3 barrier, reaching values of up to 350 % at T = 5 K. Further
analysis of the current-voltage characteristics of the junction and the bias voltage dependence of the observed tunnel
magnetoresistance show a decrease of the TMR with increasing bias voltage. In addition, the observed TMR vanishes
for T > 200 K. Our results suggest that by employing a better lattice matched ferromagnetic electrode and thus reducing
the structural defects in the strontium stannate barrier even larger TMR ratios might be possible in the future.
I. INTRODUCTION
Electric tunnel junctions consist of two electrically conduc-
tive electrodes separated by an insulating tunnel barrier. In
these tunnel junctions the barrier plays a crucial role for op-
timizing and engineering device properties. For example, by
employing a barrier with a ferroelectric polarization it is pos-
sible to exploit the polarization state as a means to store infor-
mation in the so called tunnel electroresistance states1–3, or
utilizing a ferromagnetic barrier for spin filtering properties4.
In magnetic tunnel junctions (MTJs), consisting of two fer-
romagnetic electrodes, the tunnel magnetoresistance (TMR)
can be further enhanced by utilizing wave function filtering of
the tunnel barrier, as for example in Fe/MgO/Fe tunnel junc-
tions with TMR ratios reaching up to 800 % at room tempera-
ture5–8. However, for large TMR ratios not only the functional
properties are relevant, but also a good lattice match between
the electrode and barrier materials are necessary. This prob-
lem becomes apparent in MTJs based on Heusler electrodes
with MgO barrier, where the lattice mismatch between elec-
trodes and barrier reduces significantly the observed TMR9.
In the following we investigate ferromagnetic
La0.67Sr0.33MnO3(LSMO) based MTJs utilizing a novel
insulating barrier material: strontium tin oxide (SrSnO3,
SSO). SSO crystalizes in a cubic perovskite structure with a
lattice constant a = 0.40254nm (Ref. 10). Up to now SSO
has only been used as a transparent conductive layer, when
doped with La, Ba,11–13 as an insulation barrier with a high
dielectric constant in single flux quantum circuits14, and as a
photoelectrochemical converter for the reduction of water15.
a)Electronic mail: Matthias.Althammer@wmi.badw.de
Our experiments show that it is possible to fabricate MTJs
with an SSO barrier that exhibt large TMR ratios of up to
350 % at liquid He temperatures and large resistance-area
products of up to 30 MΩµm2. We compare these results to
reference MTJs with a SrTiO3 (STO) barrier and compare
the obtained results to already existing publications. We start
with a short description of the experimental techniques used,
then present the results of our experiments and conclude with
a summary.
II. EXPERIMENT
The samples investigated here have been grown by pulsed
laser deposition (PLD) from stoichiometric, ceramic LSMO,
SSO and STO targets (99.99% purity) on (001)-oriented STO
substrates. The pulsed laser deposition was carried out in an
UHV-chamber with a base pressure of 2× 10−7 Torr using a
KrF excimer laser (248 nm wavelength, 2 Hz repetition rate)
at a substrate temperature of 700◦C. For the LSMO, SSO, and
STO deposition a laser fluence of 1.2 J/cm2, 0.8 J/cm2, and
1.2 J/cm2 and an oxygen atmosphere 200 mTorr, 200 mTorr,
and 100 mTorr, respectively, has been used. After deposition
the samples have been cooled down to room temperature in an
oxygen atmosphere of 200 mTorr
To determine the crystal phase and epitaxy of the result-
ing films, a standard 4 circle x-ray diffraction (XRD) setup
(Phillips Xpert Pro) was used with a Cu Kα source. Trans-
mission electron microscope (TEM) cross sectional samples
were prepared by conventional mechanical polishing and Ar
ion milling. The scanning TEM (STEM) imaging were car-
ried out in an aberration-corrected Nion UltraSTEM 200 mi-
croscope operating at 200 kV.
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FIG. 1. (Color online) (a) Full range 2θ − ω-scan for a
LSMO(43)/SSO(7.5)/LSMO(17) trilayer on a STO (001) substrate.
Only (00l) reflections from STO, LSMO, and SSO are visible. (b)
Enlarged scale of the 2θ−ω-scan of (a) around the STO (002) reflec-
tion. (c) Rocking curve of the SSO(002) reflection exhibits a FWHM
of 0.03◦ indicating a small mosaic spread.
For the fabrication of the MTJs from the blanket films we
utilized a three step photolithography process as detailed in
Ref. 16. In the first step, we defined the bottom contact mesa
by an initial Ar ion milling etch followed by a chemical wet
etch in diluted HCl (1:10) to avoid Ar-ion induced conductiv-
ity of the STO substrate.17 After the etching process, a SiO2
insulation layer was sputter deposited and the photoresist re-
moved via lift-off. In the second step the tunnel junctions
were formed by Ar ion milling and SiO2 deposition. In the
final step, top contacts were fabricated by Ru sputter deposi-
tion and lift-off.
For the electrical characterization the samples were
mounted in the variable temperature insert of a Dynacool
PPMS system at temperatures 5 K ≤ T ≤ 300 K and in mag-
netic fields H applied in the film plane of up to 9 T. A constant
DC-bias voltage was applied to the MTJs, while recording the
4-pt DC-voltage dropV4pt using an Agilent HP 3478 voltmeter
and the DC current flow I using a Keithley 428 current ampli-
fier and an Agilent HP 3458a voltmeter across the junction
(See insert in Fig. 3).
III. RESULTS AND DISCUSSION
We first discuss the XRD data exemplarily obtained for
a LSMO(43)/SSO(7.5)/LSMO(17) trilayer; here as through-
out the text values in parenthesis are the corresponding film
thicknesses in nm. The full range 2θ −ω-scan in Fig. 1(a)
exhibits no secondary phases. Only peaks that can be re-
lated to (00l)-reflections of the LSMO, SSO layers and the
STO substrate are visible and even Laue oscillations around
the SSO (001)-reflection are present. This indicates a good
epitaxial (001)-oriented growth of SSO on LSMO. Moreover,
in the high resolution 2θ −ω-scan around the STO (002)-
reflection the characteristic Kα1, Kα2 peak splitting of the
LSMO peak indicates a high crystalline quality of the LSMO
layers. A rocking curve of the LSMO (002)-reflection (not
shown here) yields a full width at half maximum (FWHM)
of the reflection peak of 0.02◦, which is close to the instru-
mental resolution of our setup. From the peak position of the
SSO (002)-reflection we extract an out-of-plane lattice con-
stant of 0.413 nm, that is slightly larger then the bulk value
of SSO, which we attribute to the compressive strain due to
the growth on LSMO on a STO substrate (bulk lattice con-
stant LSMO aLSMO = 0.3894 nm, bulk lattice constant STO
aSTO = 0.3902 nm, Ref. 18). For the rocking curve of the
SSO (002)-reflection shown in Fig. 1(c) we obtain a FWHM
of 0.03◦, indicating a low mosaic spread of the SSO layer. We
also employed φ -scans at the (101) and (202) reflections of
substrate and deposited layers (data not shown here), which
verified the in-plane epitaxial relation [100]STO ‖ [100]SSO ‖
[100]LSMO. Taking all these findings together, our deposition
parameters yield highly epitaxial LSMO/SSO/LSMO trilay-
ers with excellent structural quality. Similar results have also
been obtained with the very same growth conditions for our
reference LSMO/STO/LSMO trilayers.
We now focus on the comparison of the structural
quality of We now focus on the comparison of the
structural quality of the two trilayers obtained from
atomic resolution STEM. Figure 2(a) and (b) show
high-angle annular dark field (HAADF) STEM images
obtained for a LSMO(43)/SSO(7.5)/LSMO(17) and a
LSMO(50)/STO(4)/LSMO(30) trilayer, respectively. Both
the films are oriented along the [110]pc direction (pc denotes
pseudocubic). As the contrast in a HAADF STEM image
is roughly proportional to Z2 (Ref. 19), with Z being the
atomic number, the cation columns in both the trilayers can
be clearly observed, while the lighter oxygen columns are in-
visible. Within the LSMO layers, the (La/Sr)O layers appear
brighter than the MnO2 layers. Similarly in the STO barrier in
Fig. 2(b), SrO layers appear brighter than TiO2 layers. How-
ever, In the SSO barrier in Fig. 2(a), Sn (Z = 50) being heavier
than Sr (Z = 38), the SnO2 layers appear brighter than the SrO
layers. While it is clear that the LSMO/STO/LSMO trilayer in
Fig. 2(a) is free of any line defects and is of a high quality, the
SSO layer and the LSMO/SSO interfaces are defective with
the presence of dislocations. We performed geometric phase
analysis (GPA) of the two Z-contrast images to quantify the
strain within the trilayers20, which are shown as colormaps
below the respective images. For the LSMO/SSO/LSMO tri-
layer, GPA of εyy component of the stress tensor shows pres-
ence of a very large dilation (≈ 9%) in the out-of-plane direc-
tion in the SSO barrier, as expected due to the larger lattice
constant of SSO. The εxx component on the other hand shows
large in-plane dilation and compression around the core of the
3(a)
2 nm 2 nm
(b)
FIG. 2. (Color online)STEM Z-contrast images of [110]pc-oriented (a) LSMO(43)/SSO(7.5)/LSMO(17) trilayer showing a dislocation in the
SSO layer and (b) LSMO(50)/STO(4)/LSMO(30) trilayer. The colormaps below the Z-contrast images show the distribution of strain tensor
components εxx and εyy in the respective images, where x and y are the in-plane and out-of-plane directions as shown by the arrows in (b).
The scale bar in both the images is 2 nm.
dislocation, which is formed due to the lattice mismatch. In
contrast, GPA of the STO barrier reveals only a small strain
along the growth direction. From the TEM analysis we can
conclude that the SSO barrier layer contains a higher density
of defects, due to the larger lattice misfit between SSO and
LSMO. This seems to be in contrast to our structural anal-
ysis via XRD, where we found excellent structural quality.
This difference can be rationalized by the integral properties
of XRD diffraction, while TEM reflects local properties of
a sample. This highlights the importance of microstructural
analysis via TEM imaging when analyzing the structural qual-
ity of samples.
In the following we present our electrical trans-
port data, focusing on the results obtained for a
LSMO(43)/SSO(2)/LSMO(25) trilayer and a MTJ con-
tact with a 2.5× 2.5 µm2 area. Note however, that similar
results have been obtained for MTJs up to an area of 16 µm2.
A schematic drawing of the measurement setup is shown
in the inset of Fig. 3. We first discuss the temperature
dependence of the resistance-area product (RA) of the MTJ
obtained for a bias voltage V4pt = 100 mV as depicted in
Fig. 3. Clearly, the RA increases with decreasing temperature
T , while the LSMO bottom contact resistance measured si-
multaneously decreases with decreasing T . From this finding
we conclude that the resistance of the MTJ is dominated by
the tunnel barrier itself. In addition, the resistance of the
junction is at least one order of magnitude larger than the
bottom contact such that any magnetoresistance contributions
from the bottom LSMO contact can be neglected in our
measurements. Interestingly, the RA of MTJs based on a SSO
barrier is rather large, reaching values of up to 30 MΩµm2
compared to values of up to 500 kΩµm2 obtained for the STO
based reference junctions at V4pt = 100 mV. We attribute the
increase to the larger bandgap of SSO (4.1 eV, Ref. 21) as
compared to STO (3.3 eV, Ref. 22), which directly leads to
an increase in junction resistance. However, we would like
to note that the high defect density in the SSO barrier might
also play a crucial role for the RA, but would require further
systematic studies.
As a next step we look into the magnetic field-dependent
magnetoresistance (MR) of the 2.5×2.5 µm2 SSO junction at
T = 5 K. For this we measured I(H) at fixedV4pt while sweep-
ing the external applied magnetic field H applied in the film
plane along the bottom electrode strip from µ0H = −200mT
to µ0H = 200mT (upsweep) and back to µ0H = −200mT
(downsweep). From these measurements we calculated first
the resistance R(H) = V4pt/I(H) and then the magnetoresis-
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FIG. 3. (Color online) Temperature dependence of the bottom con-
tact resistance (black symbols) and of the MTJ resistance-area prod-
uct (red line). The resistance of the bottom contact decreases with
decreasing temperature. In contrast, the resistance-area product of
the MTJ increases with decreasing T (note the logarithmic scale), in-
dicating that the resistance of the junction is dominated by the tunnel
barrier and not the contact leads. The RA has been obtained under a
bias voltage V4pt = 100 mV.
tance MR(H) using
MR(H) =
R(H)−R(−200 mT)
R(−200 mT) . (1)
The results of this procedure for different bias voltages V4pt
are compiled in Fig. 4(a). For all bias values used, we ob-
serve the typical pseudo spin-valve behaviour of a MTJ with
two free magnetic layers: For large negative magnetic fields
the magnetizations of the two LSMO electrodes are oriented
parallel, which results in a low resistance state. When the ex-
ternal magnetic field is then increased to µ0H = 10 mT the
bottom LSMO electrode changes its orientation, resulting in
an (nearly) antiparallel alignment of the two magnetizations.
We observe a high resistance state, yielding a positive MR.
We verified that the first switching is indeed coming from the
bottom electrode by an independent anisotropic magnetore-
sistance measurement of the bottom electrode. We find a nice
agreement between the switching fields extracted from both
independent measurements (data not shown here). By further
increasing H the magnetization of the top LSMO layer also
changes its orientation resulting again in a parallel orienta-
tion of the two magnetizations and a low resistance state at
µ0H = 670 mT. A similar behaviour is observed when re-
versing the sweep direction only at negative fields. It is quite
remarkable that bottom and top LSMO layer exhibit different
switching fields. We attribute this to the difference in strain
of the two layers induced by either the lattice mismatch be-
tween LSMO and SSO or the fabrication of the MTJs itself
and the therefore resulting difference in lateral size for the top
and bottom electrode. The difference in magnetic switching
fields is further highlighted by the much steeper MR change
occurring when the bottom electrode changes its orientation
around µ0H = 10 mT and the more gradual change in MR
when the top electrode starts to change into the parallel con-
figuration for 30 mT≤ µ0H ≤ 70 mT. This may be explained
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FIG. 4. (Color online) (a) Bias dependence of the magnetoresistance
at T = 5 K for a bias voltage of 0.2 mV (black), 22 mV (red), 42 mV
(blue), and 100 mV (magenta) in a 2.5×2.5 µm2 sized junction. The
MR decreases with increasing bias voltage. Arrows in the figure in-
dicate the sweep direction of the external magnetic field. (b) Current
density vs applied bias voltage at T = 5 K for the very same sample
as in (a) at two different external magnetic field values. For the elec-
trode magnetization in the parallel state at µ0H = −200mT (black
symbols) a higher current flows as compared to the antiparallel ar-
rangement at µ0H = 15mT(red symbols). (c) Bias voltage depen-
dence of the TMR extracted from the current-voltage characteristics
of (b) (black line) and from the magnetic field sweeps at different
V4pt of (a).
by higher volume to surface ratio of the top LSMO electrode
making it more susceptible to pinning defects, due to surface
roughness, introduced by the MTJ fabrication process. In an
independent series of experiments we measured the coercive
fields of blanket LSMO films grown on (001)-oriented STO
substrates with and without a 10 nm thick SSO layer between
LSMO and substrate using a vibrating sample magnetometer
(data not shown here). Within the experimental error we could
not find any difference in the coercive fields for the different
LSMO layers. These results suggest that the fabrication of the
MTJs is an important factor for explaining the differences in
5switching fields for the top and bottom LSMO electrodes and
further supports our assumption that pinning occurs due to the
surface roughness introduced via the MTJ fabrication process.
We also studied the effect of the voltage bias on the ob-
served MR(H) for V4pt = 0.2,22,42,100 mV as shown in
Fig. 4(a) encoded in the graph as black, red, blue, and magenta
symbols, respectively. The observed maximum MR increases
with decreasing V4pt. Such a behaviour should be expected if
spin-flip scattering across the tunnel barrier and magnon scat-
tering is enhanced for higher bias values.23 In addition, the co-
ercive field of the top electrode shifts to lower magnetic fields
when increasing V4pt. We attribute this to a slight temperature
increase of the MTJ due to the higher current density flowing
through it at larger voltage bias. Another possible explana-
tion may be spin transfer torque due to the not perfectly an-
tiparallel orientation of bottom and top electrode. However, to
quantify this effect, further experiments have to be conducted,
which go beyond the scope of this work.
To get a deeper insight into the bias dependence we also
recorded I-V curves at a fixed applied magnetic field for paral-
lel (−200 mT, black symbols) and antiparallel (15 mT) align-
ment of the ferromagnetic electrodes by changing V4pt and
recording I as shown in Fig. 4(b). Comparing the two dif-
ferent I-V curves, it becomes apparent, that for antiparallel
alignment the MTJ is in its high resistance state (lower cur-
rent density for same bias voltage), while in the parallel state
it is in its low resistance state (higher current density for same
bias voltage). This finding is in agreement with the standard
Julliere two spin current model and the difference in scatter-
ing rates due to different density of states at the fermi level for
majority and minority spin carriers24. Moreover, we applied a
Simmons fit25 to the parallel magnetization state, which yields
3.2 eV barrier height and 2.6 nm barrier thickness for SSO.
The barrier thickness agrees reasonably well with the 2 nm
determined from X-ray reflectometry measurements. The de-
termined barrier height is lower than the bulk bandgap of SSO
(4.1 eV21), which we attribute to the large concentration of
defects in our SSO layer as observed in STEM images (see
Fig. 2(a)). Moreover, the barrier height and bandgap of the
material are not one and the same quantity: The barrier height
will also depend on the position of the Fermi energy of the
contact electrodes with respect to the bandgap, such that the
barrier height should always be smaller than the band gap of
the barrier material.
Going a step further we used the obtained I-V curves to di-
rectly calculate the bias dependence of the TMR (maximum of
MR in Fig. 4(a)) by determining the resistance for each bias
voltage in the parallel (Rpara(V4pt) at −200 mT) and antiparal-
lel (Ranti(V4pt) at 15 mT) alignment and using these values to
calculate the TMR via
TMR(V4pt) =
Ranti(V4pt)−Rpara(V4pt)
Rpara(V4pt)
. (2)
The obtained TMR bias dependence is shown in Fig. 4(c)
drawn as a black line. In addition, we included the MR ob-
tained from the full MR(H)-loops [calculated also by Eq. (2)]
for the 4 differentV4pt (Fig. 4(a)) as black circles into Fig. 4(c).
We obtain a good agreement between the two differently de-
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FIG. 5. (Color online) Temperature dependence of the TMR at fixed
bias voltage V4pt = 100 mV. (a) MR(H) loops obtained at T =
5,10,25,50,75,100,150,200 K, depicted with different coloured cir-
cles (see legend in the graph). (b) Temperature dependence of the
TMR extracted from MR(H). The TMR decreases with increasing
T , for T > 200 K the TMR completely vanishes.
termined TMR values for V4pt ≥ 42 mV. For lower bias val-
ues both methods yield different results: While for the TMR
determined from I-V curves we see a decrease of the TMR
for low bias values, the TMR determined from MR(H) loops
monotonically increases with decreasing V4pt. We attribute
these discrepancies to small temperature fluctuations during
the measurement of the I-V curves, which are most prominent
at small bias values, leading to the observed bias dependence.
Thus, we assume that we in reality observe an increase of the
TMR with decreasing V4pt. As already mentioned above, this
behaviour is observed, when spin-flip and magnon scattering
play a dominant role and influences on the TMR due to the
band structure of the two ferromagnets can be neglected. A
similar bias dependence has been observed in our STO based
reference MTJs and also in other publications with STO as
a tunnel barrier16. The largest TMR value of 350 % in our
junction for T = 5 K is obtained at V4pt = 0.2 mV. Similar
values have already been obtained in LSMO based MTJs with
STO as a tunnel barrier, for example Garcia et al.26 reported a
maximum TMR of 540 % at 4.2 K, while Sun et al.27 reported
a maximum TMR of ≈ 200 % at 4.2 K. For LSMO junc-
tions with STO barriers the TMR could be enhanced by up to
1900 % at low temperatures by carefully optimizing growth,
layer structures and patterning process of the MTJs28,29. This
suggests that the TMR obtained in LSMO based MTJs with
a SSO barrier could be further enhanced by further optimiza-
tion. However, the TMR in these junctions is already compa-
rable to values obtained with a STO barrier, despite the large
density of defects present in the SSO barrier as determined by
TEM analysis.
6We investigated the temperature dependence of the TMR
by measuring I(H) loops at fixedV4pt = 100 mV and T . From
these measurements we determined the R(H) and MR(H) via
Eq.(1), the results of this procedure are depicted in Fig. 5(a).
The MR decreases with increasing temperature, for tempera-
tures larger than 200 K no MR was visible within the noise
limit of our setup. The vanishing of the MR at high temper-
atures can be attributed to a possible dead magnetic LSMO
layer at the interface between LSMO and SSO, similar as al-
ready discussed in literature for LSMO/STO interfaces.30,31
Moreover, the switching field of the top LSMO electrode de-
creases from µ0H = 60 mT at T = 5 K to µ0H = 24 mT at
T = 200 K. In contrast, the switching field of the bottom elec-
trode changes only slightly from µ0H = 10 mT at T = 5 K to
µ0H = 6 mT at T = 200 K. We attribute this different evolu-
tion of the switching fields with temperature, as already dis-
cussed above, to the difference in strain and contributions of
magnetic pinning defects for the top and bottom LSMO layer.
The contributions of both effects will be reduced when in-
creasing the temperature, leading to a reduction of the switch-
ing field of the top LSMO electrode.
From the MR(H)-loops at different T we extracted the
TMR as a function of temperature by taking the maximum
value of each MR(H) curve at each different T . The resulting
TMR temperature dependence is depicted in Fig. 5(b). Over-
all, the TMR decreases with increasing T and vanishes for
T > 200 K. However, the TMR extracted for T = 10 K clearly
deviates from the general monotonic decreasing trend and is
significantly lower than for T = 25 K. We attribute this differ-
ence to the fact that the T = 10 K data has been obtained in a
second cooling cycle, which might have changed the magnetic
domain configuration at the interface.29
IV. CONCLUSIONS
In summary, we have investigated for the first time the mea-
surement of TMR in MTJs consisting of LSMO electrodes and
SSO as the barrier. Our results suggest that SSO could be a
promising barrier material for MTJs, with quite good insulat-
ing behaviour even when a high density of defects is present
in the barrier. Our results show that the observed TMR in
LSMO based MTJs with SSO as a barrier is comparable to
the results obtained with STO as a barrier. However, fur-
ther improvements in the SSO barrier properties, especially
reducing the number of defects by lowering the lattice mis-
match between the magnetic electrodes and the SSO barrier,
are necessary to fully explore the potential of SSO as a bar-
rier for MTJs. A very promising approach might be the usage
of better lattice matched magnetic electrode materials, for ex-
ample certain full Heusler compounds. For Co2FeAl a very
small lattice mismatch is obtained as
√
2aSSO = 0.5693 nm
is extremely close to the bulk lattice constant of Co2FeAl
(aCo2FeAl = 0.569 nm Ref.
32). We thus expect SSO to rep-
resent a very interesting material choice for further MTJ ex-
periments.
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